INTRoduCTIoN
Saturation flow rate is the maximum flow of vehicles per hour that could traverse a single approach lane of a signalised intersection if the approach were allocated green time for a full hour. Saturation flow rate is a critical value in the design and capacity analysis of signalised intersections and the determination of traffic signal phasing plans. It is important that the saturation flow rate used in the design and Level of Service (LOS) analysis of a signalised intersection is representative of actual flow rates, as this value can have a significant impact on the number of vehicles that can be accommodated at an intersection, and therefore the appropriate design of the intersection itself.
A number of factors influence the saturation flow rate of an intersection approach lane, including the location of the intersection, the vehicle composition of the traffic stream and the presence of parking or public transport facilities near the intersection. Geometric elements that are important for saturation flow rate estimation include number of lanes, lane width, accommodation of turning movements and the gradient of the approach.
The Highway Capacity Manual (TRB 2010, referred to further as HCM2010), describes a method to calculate saturation flow rate that is applied by traffic engineers worldwide, including in South Africa. The HCM2010 method is also used in the majority of traffic simulation packages, including SIDRA, PTV Vistro and Aimsun (Akcelik and Associates (Pty) Ltd 2016; PTV Group 2016; Transport Simulation Systems 2015) . The universally applicable equation recommended by HCM2010 to estimate saturation flow rate is accompanied by proposed default values obtained from empirical analysis conducted in the United States of America, detailing typical USA traffic conditions. The applicability of the HCM2010 default values to estimate saturation flow rate for South African traffic conditions is considered in this paper, particularly regarding the impact of approach gradient on saturation flow rates for arterial roads. Base saturation flow rates, as well as the impact of speed limit on base saturation flow, are also commented on.
The influence of gradient on saturation flow rate at signalised intersections M M Bruwer, C J Bester, E S Viljoen Saturation flow rate is the maximum hourly traffic volume per lane that can be accommodated through an intersection, and is used in the design and analysis of signalised intersections and traffic signal plans. The most widely applied method to estimate saturation flow rate is provided by the Highway Capacity Manual (HCM), which proposes default values obtained from USA empirical data for application in saturation flow rate calculations. This study considers the applicability of the HCM proposed base saturation flow rates, and particularly the adjustment factors for gradient on saturation flow in the South African context. The data for this research was collected by author ES Viljoen for use in her dissertation conducted in the final year of the BEng degree at Stellenbosch University.
The influence of approach lane gradient on saturation flow rate was investigated for application in the South African environment. The results of this research indicate that the HCM underestimates the influence of approach gradient on saturation flow rate, a similar finding to other international research. The standard use of a base saturation flow rate of 1 900 passenger cars per hour per lane for South African conditions was also commented on. HCM methods do not take into account the influence of speed limit on saturation flow rate, which has been shown to significantly affect saturation flow rate in numerous research projects, and is also commented on in this paper for zones with a 60 km/h and 80 km/h speed limit.
SATuRATIoN FLow RATE Traffic flow at signalised intersections
The headway between vehicles passing through a signalised intersection during the green phase decreases until a typical minimum headway, or saturation headway, is reached (Bester & Meyers 2007) . This minimum headway is inversely representative of the saturation flow rate. The first headway, i.e. the time interval between the traffic light changing to green and the rear wheels of the first vehicle passing the stop line, is generally longer than subsequent headways between vehicles due to start-up lost time. The driver at the head of the queue must observe the signal changing to green and then accelerate from standstill, and so passes the stop line with some delay after the signal had changed to green. The second driver in the queue has the opportunity to observe and react to the change in traffic signal during the start-up time of the first driver, and so the headway between the second and first vehicle is shorter. This is repeated by subsequent vehicles until headways reduce to a typical minimum headway, which is observed to remain virtually constant until the queue has dissipated.
The minimum headway, or saturation headway, is usually achieved by the time that the fourth to sixth vehicle in the queue has passed the stop line (Garber & Hoel 2015) . If a near constant headway is observed after the Nth vehicle, Equation 1 can be used to calculate the saturation flow rate (S) in vehicles per hour per lane from observed data; where n is the total number of vehicles queued, t N is the time in seconds from the start of the green light to when the rear wheel of the Nth vehicle passes the stop line, and t n is the time until the rear wheel of the last queued vehicle passes the stop line in seconds: (Garber & Hoel 2015) .
Optimal cycle length can be determined according to the Webster Method, which uses the ratio of the actual or anticipated lane group traffic volume to saturation flow rate. This ratio is then also used to allocate green time to the various signal phases (Garber & Hoel 2015) . Similarly, the HCM2010 uses the ratio of traffic volume to saturation flow rate to determine cycle length and green time allocation (TRB 2010).
HCM2010 method for saturation flow rate estimation
As saturation flow rate is used to design new signalised intersections, the majority of saturation flow rates used by traffic engineers must be estimated, rather than empirically determined using Equation The base saturation flow rate is adjusted using a number of factors that take into account departure from the base conditions. Eleven factors in total are proposed for consideration by the HCM2010, including factors to adjust for lane width, heavy vehicle proportion, approach grade, parking and bus stops, the area in which the intersection is located, lane utilisation (for multiple movement type lanes) and adjustments for the impact of pedestrians and cyclists on turning movements (TRB 2010 
South African studies of saturation flow rate
Very little research regarding empirical surveys of saturation flow rate in South Africa is available (Bester & Meyers 2007) . This is problematic, as it requires traffic engineers in South Africa to apply the HCM2010 base saturation flow rates based on default USA values and adjustment factors without knowledge of their applicability to local conditions.
The study conducted by Bester and Meyers (2007) reported on observed saturation flow rate at ten intersections in Stellenbosch. A multiple regression analysis was performed to determine the cumulative influence of gradient, number of lanes and speed limit on saturation flow rate. The study determined that each variable had a statistically significant influence on saturation flow rate. Increase in speed limit and number of through lanes were shown to increase saturation flow rate, while an increase in positive approach gradient reduced saturation flow rate (Bester & Meyers 2007) .
The 2007 Bester and Meyers study reported a base saturation flow rate higher than that described in the HCM2010. This was specifically based on observations in the Stellenbosch area. They concluded that South African drivers are possibly more aggressive, maintaining shorter following distances (Bester & Meyers 2007) . They recommend a base saturation flow rate of 2 246 pc/h/ln for a speed limit of 80 km/h and 2 076 pc/h/ln for a speed limit of 60 km/h. Another 1994 study done in South Africa, conducted for the Department of Transport, reported a base saturation flow rate of 1 928 pc/h/ln (Allers & Stander 1994) , which is similar to the HCM2010 suggested value.
The Bester and Meyers (2007) study considered the influence of speed limit and number of through lanes on saturation flow rate. The HCM2010 method does not account for these factors. However, other international studies have indicated these factors to have a significant influence on saturation flow rate. A study conducted by the Texas Transportation Institute in 2005 determined a base saturation flow rate of 1 905 pc/h/ln (similar to the HCM2010), and found that this rate decreased by 9 pc/h/ln per 1 mph (5.6 pc/h/ln per 1 km/h) decrease in speed limit, and increased by 130 pc/h/ ln when the number of through lanes are increased from one lane to two (Bester & Meyers 2007) . The 2007 Bester and Meyers study found that speed limit and number of lanes have a similar, albeit greater, effect on saturation flow rate. The saturation flow rate increases with 8.5 pc/h/ln per 1 km/h increase in speed limit, and increases with 288 pc/h/ln when two through lanes are available instead of one.
The influence of gradient
The factor used by the HCM2010 to adjust the base saturation flow rate for the gradient of the approach ( f g ) is determined by Equation 3, where P g is the gradient of the approach in percentage. An uphill gradient is annotated to be positive, and a downhill gradient is negative. Equation 3 is applicable to gradients ranging from -6% to +10% (TRB 2010).
The gradient adjustment factor results in a decrease in saturation flow rate for positive, uphill gradients, and an increase in saturation flow rate for downhill approaches. Essentially, a 1% gradient will result in a 0.5% change in flow rate (10 pc/h/ln from base saturation flow rate of 1 900 pc/h/ln). The 2007 South African study determined the influence of gradient on saturation flow to be nearly three times more than predicted by the HCM2010 approach when applied to a base saturation flow rate of 1 900 pc/h/ln (Bester & Meyers 2007) . Their suggested adjustment factor for gradient is provided in Equation 4, which results in an adjustment of 1.4% change in flow rate for a 1% change in gradient.
Research conducted in 2009 that considered a number of international studies on saturation flow rate, found that the majority of studies indicated a greater influence of gradient on saturation flow rate than indicated by the HCM (Iqbal 2009) . A 1982 study conducted in Kentucky, USA, considered the influence of positive and negative gradients on saturation flow separately. This study determined that positive gradients (uphill) have less influence on saturation flow rates than negative (downhill) gradients (Agent & Crabtree 1982) . The equations for the gradient adjustment factors determined from this study are presented below. Equation 5 indicates the factor for downhill gradients (P g is negative) and Equation 6 for uphill gradients (P g is positive). When the equations are written in the same form as the HCM2010 gradient adjustment factors, it is clear that the Agent and Crabtree (1982) factor for positive gradients is the same as suggested by HCM2010 for all gradients (Equation 6), while the negative gradient adjustment factor will have a greater impact on saturation flow rate.
(5)
From previously conducted South African and international research, it appears that the HCM2010 method underestimates the influence of gradient on saturation flow rate.
dATA CoLLECTIoN Study area
A headway study was done at 12 approaches of six intersections in Stellenbosch, South Africa, during September 2015. All intersections were located along the same route, the R44, an arterial road heading south from Stellenbosch. Only approaches of the R44 were analysed; minor road approaches were not considered. Intersections with similar properties were selected, and as many factors as possible that influence saturation flow rate were excluded, or were ensured to remain constant to isolate the influence of gradient. All the study intersections are located outside of the CBD area of Stellenbosch in suburban or peri-urban zones. The lane width along the route remained consistent at an average of 3.6 m. Only phases with no heavy vehicles present in the queue were observed, and phases were not observed if pedestrians or cyclists were present. None of the intersections had parking or bus stops in the immediate vicinity. Finally, only lanes with exclusive through movements and two through lanes per approach were analysed. The only characteristic from the HCM2010 method that varied appreciably along the route was approach gradient.
The speed limit varied from 60 km/h at two intersections closest to Stellenbosch, to 80 km/h at the remaining four intersections. Because speed limit influence is not considered in the HCM, the influence of speed on base saturation flow rate was also not isolated in this study. Comment is, however, made later in this paper on the apparent effect of speed limit on base saturation flow.
Gradient measurement
The gradient of the intersection approaches was measured using a dumpy level. The level difference was measured over a 20 m distance from the stop line of the approach, and the gradient in percentage was calculated as the change in height over the change in distance. Table 1 indicates the gradient observed at the various approaches.
Vehicle headway analysis
Traffic streams at the intersection approaches along the R44 were recorded with a GoPro Camera. The study was conducted during peak hours to ensure that adequate vehicles were queued to allow This software package has a split-second function and can play back footage at a slower speed, so that the exact time stamp (to the nearest 0.01 seconds) at which the back wheel of a vehicle crosses the stop line can be observed with no human error incurred from stopwatch timing. Any phases with heavy vehicles or pedestrian and cyclist activity were excluded from the study. It was also necessary to ignore some phases where downstream congestion prevented vehicles driving freely through the intersection. Figure 1 indicates the progression of vehicle headways for illustration purposes as the queue of vehicles dispersed from two opposing approach lanes of a single intersection (R44 and Tegno Road intersection). The first vehicle in the queue had a relatively long headway from the time that the traffic signal turned green until the back wheels of that vehicle passed the stop line. The headways between subsequent vehicles then reduced systematically, as anticipated. Figure 1 presents the headways of vehicles at both the southbound and northbound approaches of the intersection of Tegno Road and the R44, which has a downhill and uphill gradient of 3.73% respectively. Also indicated are trend lines demonstrating the tendency of the headways to reduce as the queue disperses. The trend lines indicate that the headways reach a relatively constant value from the sixth departure from the queue. Saturation headway was consistently found to be longer on the uphill approach than on the downhill approach at the same intersection.
SATuRATIoN FLow RATE RESuLTS

Saturation headway results
The results of the headway and saturation flow analysis of six intersections in Stellenbosch are presented in Table 2 . Saturation flow rate is indicated in terms of passenger cars per hour per lane, because no heavy vehicles were present in analysed queues.
Four queues were analysed per intersection approach, and the average saturation flow rate and standard deviation of saturation flow rates were determined. In each case, the vehicle number at which saturation flow was reached (when headways became constant) was evaluated and saturation flow calculated according to Equation 1. The saturation flow was calculated only using vehicles that were in the initial stationary queue. As soon as a gap was measured that was longer than double the gap during saturation flow, the queue was considered spent, and no further headways were included in the analysis. As queue length varied per cycle, the number of headways considered to calculate saturation flow varied in each case. No standard deviation is provided for the northbound approach of Van Reede Street, as only one valid saturation flow rate value was obtained due to downstream congestion.
The average saturation headways between vehicles are less than 2 seconds per vehicle on all approaches, except the southbound approach of the intersection of the R44 with Annandale Road. This intersection represents the minimum and maximum saturation flows that were observed -1 766 pc/h/ln and 2 386 pc/h/ ln respectively. The saturation flows measured at the intersection of the R44 with Safraan Road are essentially equal for the two approaches (1 850 pc/h/ln), which are relatively level.
The influence of gradient on saturation flow rate
It is obvious from the results indicated in Table 2 that gradient has a significant effect on saturation flow rate, with a clear difference in the saturation flow rates on the northbound and southbound approaches of intersections with steep gradients. The highest flow rate is always observed on downhill approaches. Figure 2 indicates saturation flow rate as a function of gradient resulting from the 2015 acquired Stellenbosch data. Also indicated are HCM2010 saturation flows at different gradients for large cities and other areas. As gradient increases positively, saturation flow rate is observed to decrease, indicated by the linear regression line. The R 2 value of the regression curve indicates that the relationship between gradient and saturation flow rate can be relatively well described, with 75% of variation accounted for. The equation of the regression line indicates an intercept of 2 000 pc/h/ln. This is representative of base saturation flow rate at a gradient of 0% with all other influencing factors constant. It would therefore appear that this study corroborates the findings of Bester and Meyers (2007) , that saturation flow in South Africa is higher than is suggested by the HCM (1 900 pc/h/ln in large metropolitan areas with more than 250 000 population, or 1 750 pc/h/ln in other areas) (Transportation Research Board 2010) .
From the regression equation presented in Figure 2 , the adjustment factor of gradient on saturation flow rate, according to the form of the adjustment factors presented by the HCM2010, is described by Equation 7, as applied to a base saturation flow of 1 900 pc/h/ln. The effect of gradient in this study is six times greater than proposed by the HCM2010, and also higher than the influence determined by the 2007 South African study. The adjustment factor presented by Equation 7 results in a 3% decrease in saturation flow rate for a 1% increase in gradient, similar to the international findings of Iqbal (2009) .
The influence of positive and negative gradients was then separately considered to determine if uphill and downhill slopes influence saturation flow rate differently. Figure 3 indicates a separate linear regression analysis conducted for positive and negative gradients respectively. From this figure it is evident that negative gradients have a greater influence on saturation flow rate than positive gradients according to the steepness of the regression lines, similar to the findings of the 1982 Kentucky study (Agent & Crabtree 1982) . The intercept of both regression curves, representative of the base saturation flow rate, is close to 1 900 pc/h/ln. For negative gradients, the saturation flow rate was increased by nearly 5% for every 1% increase in approach steepness, while at positive gradients, a 1% increase in steepness results in only a 1% reduction in flow rate. The R 2 values for these regression analyses are, however, substantially lower than were obtained for the single regression analysis (Figure 2) , indicating that the smaller sample for uphill and downhill gradients results in larger variation and less confidence in the outcome.
The influence of speed limit on saturation flow rate
The Highway Capacity Manual does not take speed limit into account when determining saturation flow rate. However, previous research (Bester & Meyers 2007) indicated that speed limit influences saturation flow rate. Higher speed limits tend to increase saturation flow rate and vice versa. In Figure 4 the data sets representing 80 km/h and 60 km/h speed limit zones were analysed separately. A linear regression analysis conducted for each set of data indicates that the influence of gradient on saturation flow rate (indicated by the gradient of the regression line) stays relatively constant at different speed limits. Similar to the model that did not separate speed limit zones (Equation 7), the regression analysis for both 60 km/h and 80 km/h zones represented in Figure 4 results in approximately a 3% decrease in saturation flow rate per 1% increase in gradient.
It must be noted that the sample of four approach lanes in the 60 km/h range is inadequate for a statistical analysis to provide reliable conclusions as to the base saturation flow rate of intersection approaches at this speed limit. Further, analysis of the influence of gradient at a 60 km/h speed limit from the data presented in this research is also not statistically reliable, due to the narrow range of gradients, most of which are close to 0% gradient. The analysis of speed limit influence was not the primary objective of this research (which was to determine the accuracy of USA-based data to describe the influence of gradient on saturation flow in South Africa); however, it is considered relevant to comment on the influence of speed limit, considering previous research.
While the influence of gradient on saturation flow rate stays relatively constant at different speed limits, the base saturation flow rate, indicated by the intercept of the regression lines, appears to be influenced. In the 60 km/h zone, base saturation flow is 1 880 pc/h/ln, but 2 070 pc/h/ln in 80 km/h zones (190 pc/h/ln difference). This difference in base saturation flow is very similar to the findings of the 2007 South African study, which estimated an increase of 8.5 pc/h/ln per 1 km/h increase in speed limit (Bester & Meyers 2007) , or 170 pc/h/ln for a 20 km/h increase in speed limit.
It is, however, important to note that this research determined significantly lower base saturation flows than the Bester and Meyers (2007) study (suggested base saturation flow rates of 2 076 pc/h/ln for a speed limit of 60 km/h and 2 246 pc/h/ln for a speed limit of 80 km/h). The sample size for intersection approaches with 80 km/h speed limit is limited in the Bester and Meyers (2007) study, with only three approaches considered, only one of which displayed a saturation flow of greater than 2 076 pc/h/ln (suggested for 60 km/h zones).
Summary of results
The results of this research (denoted 2015) are summarised in Table 3 . Results are provided for all data grouped together, as well as data differentiated by positive and negative approaches and speed limit zones. Table 3 flow than in smaller and non-urban areas. As such, it is important to consider that Stellenbosch experiences very high congestion rates during the morning and afternoon peak commute hours, and so behaviour similar to large urban areas, as defined in the HCM2010, should be expected. Figures 2 and 3 indicate clearly that Stellenbosch exhibits saturation flows well above those defined by smaller population areas in the USA. Secondly, it is clear that gradient has a greater influence on saturation flow than suggested by the HCM2010, corroborating previous literature that the HCM appears to underestimate the influence of gradient (Bester & Meyers 2007; Iqbal 2009 ). The separation of positive (uphill) and negative (downhill) gradients reveals that downhill gradients exert a greater effect on saturation flow than uphill gradients, similar to the findings of Agent and Crabtree (1982) .
A single adjustment factor is proposed for both positive and negative gradients, according to Equation 10, which results in a 3.0% change in saturation flow per 1% increase in gradient (P g is negative for downhill approaches, and positive for uphill approaches). This adjustment factor was determined for all data, as well as data separated according to speed limit. The factor proposed by Equation 8 is more conservative for both positive and negative gradients than the factors determined separately according to grade classification. Additionally, results of separated gradients as determined in this study are possibly not as reliable, due to reduced sample size.
Thirdly, separating data according to speed limit reveals that base saturation flow rate is influenced by speed limit, with lower speed limits resulting in lower base saturation flow rate. This is in support of previous literature (Bester & Meyers 2007) . Separation of speed limit zones results in reduced variability between actual data and the regression equations. Most of the data in this research was obtained for an 80 km/h speed limit, which results in a regression equation that can account for 94% of the variation in observed data.
CoNCLuSIoNS ANd RECoMMENdATIoNS
Saturation flow rate is the maximum traffic flow of vehicles per hour that can be accommodated per approach lane of an intersection, and is used in the design and analysis of signalised intersections and traffic signal phasing plans. The most widely applied method to estimate saturation flow rate is provided by the HCM, developed by the Transportation Research Board. The universally applicable method recommended by HCM2010 to estimate saturation flow rates is accompanied by proposed default values obtained from empirical analysis in the USA, detailing typical USA traffic conditions. This research primarily considered the applicability of the HCM2010 proposed gradient estimation factors on saturation flow rate in the South African context, and commented on base saturation flow rate applicability and the influence of speed limit thereon. The Highway Capacity Manual significantly underestimates the influence of gradient on saturation flow rate, as shown from the empirically determined results of this research, as well as previous research conducted internationally and in South Africa. A constant influence of gradient, irrespective of the approach being an uphill or downhill slope, is recommended to be 3% change in saturation flow rate per 1% change in gradient. Uphill gradients will decrease saturation flow rate, while downhill gradients will increase saturation flow rate. This influence of gradient is significantly higher than the proposed adjustment factor of the HCM2010, which results in 0.5% change in saturation flow per 1% change in gradient.
HCM methods do not take the influence of speed limit on saturation flow rate into account, which has been shown to affect saturation flow rate in a number of previous studies, and appears to be backed up by the data obtained in this research as well. It is recommended that speed limit be applied in the estimation of saturation flow rate by influencing the selection of the base saturation flow. Further research is required to determine acceptable levels of base saturation flow rate for different speed limit zones in South Africa, as the sample size in this study was not adequate to make recommendations in this regard.
It is recommended that caution be exercised when applying base saturation flow rate values described in the HCM2010 in South African conditions. Particularly, the population size of the town in which the analysis is being conducted should not be an indication alone of base saturation flow rate. Rather, congestion conditions and driver behaviour should be used to differentiate between high-and low-base saturation flow rates. Further research in towns and cities in South Africa that do not experience the high commute volumes experienced in Stellenbosch is required to make further recommendations on this trend.
